ABSTRACT. The development of meiotic division and associated genetic recombination paved the way for evolutionary changes. However, the secondary and tertiary structure and functional domains of many of the proteins involved in genetic recombination have not been studied in detail. We used the human Dmc1 gene product along with secondary and tertiary domain structures of Escherichia coli RecA protein to help determine the molecular structure and function of maize Dmc1, which is required for synaptonemal complex formation and cell cycle progression. The maize recombinase Dmc1 gene was cloned and characterized, using rice Dmc1 cDNA as an orthologue. The deduced amino acid sequence was used for Cloning of maize meiotic recombinase Dmc1 and its structure elaborating its 3-D structure, and functional analysis was made with the CDD software, showing significant identity of the Dmc1 gene product in Zea mays with that of Homo sapiens. Based on these results, the domains and motives of WalkerA and WalkerB as ATP binding sites, a multimer site (BRC) interface, the putative ssDNA binding L1 and L2 loops, the putative dsDNA binding helix-hairpinhelix, a polymerization motif, the subunit rotation motif, and a small N-terminal domain were proposed for maize recombinase Dmc1.
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INTRODUCTION
Increasingly knowledge on the molecular mechanisms like genetic recombination opens new insights on understanding the evolution and their implications. Proteins play a major part in such mechanisms and their conservation across various genomes and/or mutational changes to fit the environment highlights the role of importance of the protein in the functioning of the cell. The knowledge in public domain shows that different proteins may display quite varied patterns of similarity relationships due to a host of confounding factors (Smith et al., 1992) , conflicting taxonomic schemes and unresolved changes concerning evolutionary relationships (Keeling and Doolittle, 1995) . Since genetic recombination is considered as a common and necessary factor to introduce such changes and paving the way for evolution, understanding the mechanisms of recombination and the process will unravel new insights. The genes implicated in the recombination process that are well studied include bacterial RecA, archaeal RadA or Rad51, eukaryotic Rad51, and meiosis-specific Dmc1. The protein homology studies of archaebacteria RadA have demonstrated more similarities to eukaryotic Rad51 and Dmc1 rather than prokaryotic RecA (Sandler et al., 1996) . It is commonly accepted that families of related proteins generate essentially the same 3-D structure (Pellegrini et al., 2002) . The RecA family of proteins is generally involved in homologous recombination, maintenance of genomic stability by protecting against DNA double-strand breaks during mitosis and meiosis through non-homologous end-joining or by homologous recombination (Chen et al., 2007) and repairing reciprocal crossovers (Sun et al., 1991) . Dmc1 as a requirement of synaptonemal complex formation and cell cycle progression (Bishop et al., 1992; Metkar et al., 2004) has been particularly reported as a single-strand DNA binding to form extensive helical nucleoprotein filaments called presynaptic complex with both ATPase and DNA strand exchange activities (Hong et al., 2001; Chen et al., 2007) . Plant Dmc1 orthologues have been identified in Lilium longiflorum (Kobayashi et al., 1993) , Arabidopsis thaliana (Sato et al., 1995; De Muyt et al., 2009) , Oryza sativa (Ding et al., 2001; Metkar et al., 2004; Deng and Wang, 2007; Sakane et al., 2008) . Due to a lack of information on maize we targeted the cloning of maize Dmc1 3' end exon and used this sequence to validate the full-length Dmc1 cDNA obtained by in silico cloning. Deduced amino acid sequences were used in phylogenetic analysis across prokarya, archaebacteria and eukarya. We also discuss implications in terms of structure and function of maize Dmc1 with emphasis on further necessary experiments to elucidate in detail the structure and function of Dmc1 in meiotic recombination in plants.
MATERIAL AND METHODS

Identification of the Zea mays Dmc1 gene by EST database mining
We used the rice Dmc1 sequences for homology search of maize expressed sequence tags (ESTs) available at the National Center for Biotechnology Information (NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi), (http://www.Maizegdb.org) and (http:// plantgdb.org) to access the related 3' and 5' ESTs. In silico analysis was conducted to assemble and identify the complete and non-redundant Dmc1 cDNA. In this analysis, the relevant ESTs were aligned either pairwise or multiple by ClustalW2 (Thompson et al., 1994) .
Partial Dmc1 gene cloning
The partial 3' end of the Dmc1 gene including last exon containing stop codon and poly-adenylation signal sequence was isolated from maize SC 704 by polymerase chain reaction (PCR) amplification using two specific primers, F1 (5'-gttttccaggttacatca ggtg-3') and R1 (5'-agaacagtgttatttatacgcaagca-3') under thermo-cycler program, which consisted of 5 min at 94°C for initial denaturing, 30 cycles for 1 min at 94°C, 30 s at 65°C, 1 min at 72°C, and finally 10 min at 72°C for extension. The obtained fragment was cloned into pGEM ® -T-easy vector (Promega, Madison, WI, USA) and sequenced by T7 primer.
3'Dmc1 cDNA cloning
To access Dmc1 cDNA, the young leaves (as control), immature husk and tassel of maize (as developmental specific tissues) were used for total RNA extraction by the Trizol method. First-strand cDNA was synthesized using oligo d [T] and ReverTra (Fermentas GmbH, St. Leon-Rot, Germany) . The products of these reactions were used as template for PCR amplification with maize Dmc1 cDNA-specific primers F1 and R1 corresponding to the last exon containing stop codon and poly-adenylation signal sequence. The amplified fragments were cloned into pGEMT-easy vector (Promega) and sequenced by T7 primer. To normalize the amount of cDNA input the amplified tubulin TubA cDNA was used as an internal control (Zhang et al., 2006) .
Phylogenic sequence analysis
The Dmc1 connected files were searched out and downloaded from NCBI and used for phylogeny analysis along with obtained full-length cDNA sequence from maize based on nucleotide and amino acid sequences. Preliminary results from BLASTn, tBLASTn, tBLASTx, and BLASTp searches showed that amino acid sequences could be more useful and productive than nucleotide sequences in clustering at high resolution level across different genus and species of major kingdoms of living organisms (data not shown). We started with about 1000 Dmc1/RecA-like protein accession numbers and only a member from 81 genera with complete sequence (as appeared in footnote 1 ) was chosen to carry out a multiple alignment among them using ClustalW2. A phylogenetic tree was constructed using the GeneBee Tree Top phylogenetic tree prediction server (http://www.genebee. msu.su/genebee.html). Our initial pairwise alignments were obtained using the Gonnet PAM250 amino acid substitution scoring matrix (Genebee program) and a significant threshold of 1% BLOSUM62 matrix of Henikoff and Henikoff (1992) .
Comparative and functional structure of maize Dmc1 protein
To carry-out comparative studies on protein functional domains, maize Dmc1 amino acid sequence was applied to find out the most similar sequences deposited in the data bank using online softwares of http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv. cgi and http://www.sanger.ac.uk/Software/Pfam (the Pfam collection of protein families and domains). The secondary structural features of left-handed maize helical filament were predicted in PSIPrediction (http://www.bioinf.cs.ucl.ac.uk/psipred/) and Raswinsx programs. Tertiary structure of maize Dmc1 protein was also designed by the Raswinsx program. Prediction of signal peptide of maize Dmc1 was performed by SignalP 3.0 Server -prediction using neural networks (NN) and hidden Markov models (HMM) trained on eukaryote (Bendtsen et al., 2004) . Another program that was used for homology search was signal blast (Frank and Sippl, 2008) . 
RESULTS
In silico cloning of the Zea mays Dmc1 cDNA and its validation by last exon
The results of the survey in public-domain collection of maize ESTs by the rice Dmc1 gene and protein showed strong homologies (data not shown) with two groups of ESTs including 5' ESTs (BM501047; Co533960; AI854907; EE190345; DV531377; DY541248; DY621394; DV522737) and 3' ESTs (DV495313; EE294070; AI833692; DV531376; DV522736; Dy621393).
The assembling of the 5' and 3' ESTs was manually done by pairwise alignments for all combinations to resolve the longest nucleotide fragment. Consequently, one pair of EST, DV531376 and DV531377, was chosen to cover the complete open reading frame (ORF) as a single representative cDNA without any shift mutation containing 5' and 3' untranslated regions as well as poly-adenylate polymerase signal. The unique putative ORF achieved by aligning was translated to amino acid sequences. The homology search of cloned 3' end of gene and cDNA (data not shown) with the complete cDNA obtained from in silico cloning showed 99.6 and 100% identity for nucleotide and amino acid sequences, respectively. The fine structure of the maize Dmc1 gene was studied through homology search of Maize Dmc1 cDNA sequence with the maize high throughput genomic sequences (HTG). These studies demonstrated that the Dmc1 gene located on chromosome 3 showed 15 exons and 14 introns (Figure 1 ) while the rice Dmc1 gene showed 14 exons and 13 introns (Ding et al., 2001) . In contrast, the first intron of maize Dmc1 positioned within 5'UTR sequence before Kozak sequence (CAC) (Cavener, 1987; Kozak, 1987) appears as 3 bp upstream of the translational start codon (Figure 1 ).
Phylogenetic tree based on Dmc1 amino acid sequences
A multiple alignment across 81 genera spanning the major kingdoms of living organisms including maize using the Dmc1 protein sequence was performed to generate a phylogenetic tree (Figure 2 ). The tree is divided into three major clusters. The first cluster includes main branches of insects, fishes, mammals, and birds. The second cluster has got three main branches, the first contains some fungi, the second contains parasitic protozoan and the third branch contains plants, which are further subdivided into domesticated mono-and dicots. The wild monocot and grass plants from Poaceae constitute the third cluster. Maize Dmc1 shows 85% identity with wheat Dmc1 and 61% with Arabidopsis (Figure 2) . 
Maize Dmc1 conserved sequences, 2-D, 3-D structure and functions
Outputs of the Conserved Domain DNA (CDD) online software demonstrate the significant similarities on conserved domains and functional motifs in initial 10 files (Figure 3) , which was in agreement with results obtained by the Pfam collection of protein families and domains. As indicated in Figure 3 some of the previously reported functional motifs appear in the maize Dmc1 amino acid sequence. These include the putative dsDNA binding helix-hairpin-helix (HhH) motif in smaller NTD region, the putative ssDNA binding L1 and L2 loops, the ATP binding WalkerA and WalkerB motifs, the polymerization motif (PM), and the subunit rotation motif (SRM).
The resulting secondary structure of the maize Dmc1 protein consisted of 12 α-helices and 11 β-strands ( Figure 4A and B) showing some similarities and differences with other Dmc1 protein sequences.
Maize Dmc1 nucleotide binding (NB) domain, A site (WalkerA)
The GEFRSGKT segment called ATP binding WalkerA from positions 133 to 140 is almost totally conserved relative to the aggregate of 10 sequences (Figures 3 and 5) . The two exceptions are S-137 (serine at position 137), identical in 2 sequences but changing to T, C, V, and A in other groups, and E-134, identical in 8 sequences but changing to A and P. There are two other conserved segments, which appeared as pre-WalkerA and post-WalkerA starting from positions 120 to 130 and 141 to 153, respectively. The pre-WalkerA segment was primarily buried in the structure, containing two invariant glycine positions and several conserved hydrophobic residues. The segment of post-Walker with the some hydrophobic residues is similarly buried but less conserved. The hydrophobic environment presumably enhances structural stability at the A site (Figures 3 and 5) . and multimer site (BRC) interface (asterisks), the polymerization motif (PM), the subunit rotation motif (SRM), and position of the R0-E1-E2.
Maize Dmc1 B site (WalkerB)
The B motif of the Walker box comprises four successive hydrophobic residues followed by aspartate at positions 224 to 228. The key residue of the B site is D-228. The secondary structure of this segment is a β-strand that can anchor residue D-228 with a dense hydrophobic milieu. Intriguingly, the immediately carboxyl segment from positions 229 to 233 (SVIAL) was invariant across all RecA sequences (Figures 3 and 5) .
Maize Dmc1 ATP binding sites
There are some regions between WalkerA and WalkerB as ATP binding sites, which 
Maize Dmc1 DNA binding domains
The disordered loops L1 (239 to 246) featuring three acidic and two glycine residues and L2 (276 to 289) have been proposed as DNA binding domains. The L2 stretch is substantially conserved only in D-287, P-288 and K-289. In particular, the boundary residue I-276 was variant, as seen in positions of D-278, G-282, I-285, and T-286.
Another DNA binding motif detected using alignment of maize Dmc1 with the yeast RecA protein (Chen et al., 2007) as an HhH motif KGLSEAKV (70 to 79) in the N-terminal domain mediates dsDNA binding (Figure 3 ).
Maize Dmc1 multimer site (BRC) interface
Another region proposed to interact with DNA is contained in the BRC interface in the segment from positions: A-164, I-166, P-174, LLLGLA (209 to 214) , K-216, R-257, K-260 to I-261, and E-264 to F-265. This region, also involved in Monomer-Monomer (M-M) interactions, includes three highly conserved cationic residues I-166, P-174 and L-177. Another PM contained residues 92 to 94 in maize Dmc1 (Figures 3  and 5 ).
R0 amino acid inside the SRM, which is evolutionarily conserved in almost RecA family proteins (Figure 3) , is also present here and probably acts as PM for filament assembly.
Maize Dmc1 subunit rotation motif
A hinge region KRKSV (amino acid residues 101-105), required for conformational transition changes of the Dmc1 protein located immediately after the sixth α-helix (amino acid residues 94-100) (Figure 3) , designated the SRM.
Maize Dmc1 E1-R0-E2 triad
The E1-R0-E2 (E-117, R-96 and E-175) triad acts as a clip to fasten two AMP-PNP binding surfaces at the neighboring core ATPase domains. As reported earlier the E1-R0-E2 triad may control DNA binding as well as DNA release.
Signal peptide detection for the maize Dmc1 protein
Results obtained from the neural network algorithm showed three scores. The high S-score indicates a signal peptide at the beginning, i.e., 20 amino acids at the first sequence; the C-score indicates a cleavage site between amino acids 19 and 24, so that the mature protein possibility starts at (and includes) position 24, and the true cleavage site is assigned from the Y-score in A-19 (Figure 6 ).
Blast homology for the maize Dmc1 signal peptide showed maximum S-value of 100%, bit score of 84.3% (Table 1 ) and high identity of 62% with the soybean Dmc1 signal peptide (Figure 7) . 
DISCUSSION
Maize as a food and industrial monoecious plant is almost produced by hybrid seeds, which need to be revolutionized by cost-effective new seed production strategies like apomixes. It seems that gathering molecular data on meiosis division and genetic recombination not only improve food production, but also might be exploited for any ongoing manipulations to recover genetic disabilities in animal and human through generative stem cell culture and differentiation in the near future. In this context, Dmc1 recombinase as a RecA-like family protein in major kingdoms of living organisms targeted for structural and functional analysis. Due to availability of 5' and 3' ESTs from generative organs and high throughput genomic sequence data of maize on the one hand and full-length rice Dmc1 cDNA as an efficient orthologue on the other hand, genomic wide in silico cloning of maize Dmc1 and its validation by 3' end of gene and cDNA was carried out (Figure 8) . Figure 1 demonstrates that the first intron in this gene was inserted at 5'UTR immediately before Kozak sequence CAC, which may potentially play a role at pre-translation regulation of Dmc1 expression. Despite the above discussed first intron, the remaining exons and introns are in the same order as seen in rice Dmc1 with some variation in nucleotide number and sequences. Because of high levels of conservation of the Dmc1 exon nucleotides and amino acid sequences across prokarya, archae and eukarya (Sandler et al., 1996; Brendel et al., 1997) , the phylogenic tree of the 81 RecA-like/Dmc1 protein sequences spanning various living organisms including the maize was constructed by different softwares including Mega4, Phylip, Treecon, Bioedit, Genebee, etc., resulting in various results. The phylogenic tree produced by Genebee demonstrated in Figure 2 was mainly divided into three major clusters of non-plant species as first, some domesticated monocots (including maize, rice, wheat, and barley) and dicot plants plus fungi/protists appeared in branches as second cluster and wild monocots and grasses from Poaceae as third.
To elaborate Dmc1 3-D and functional structure, the CDD analysis showed the significant identity of Zea mays with Homo sapiens, which has been studied in detail, and due to consensus amino acid sequences within proposed domains in Triticeae (Petersen and Seberg, 2002) we reproduced the maize Dmc1 relevant domains and motifs. Since the several key function and structure regions have been deduced from the crystal structure of the Escherichia coli RecA protein Karlin and Brocchieri, 1996) and H. sapiens Dmc1 (Passy et al., 1999; Kinebuchi et al., 2004; Okorokov et al., 2010 ) the domains and motifs of WalkerA and WalkerB as ATP binding site; BRC interface; the putative ssDNA binding L1 and L2 loops (Figures 3 and 5) Brendel et al., 1997; Petersen and Seberg, 2002; Chen et al., 2007; Sakane et al., 2008) , the putative dsDNA binding hairpin HhH, PM, SRM, and small NTD have been proposed ( Figure  3 ) (Chen et al., 2007) .
Among these regions two loops of L1 and L2 are considered to be involved in binding of mostly single-and less double-stranded DNA, the latter is proposed to be the primary binding site Karlin and Brocchieri, 1996) . Both domains are fairly conserved among bacterial RecA proteins (Karlin and Brocchieri, 1996) , similar to maize Dmc1. The sequence conservation, particular of the L2 region, is less pronounced among the broader group of recA-like proteins. The L1 domain is highly conserved in the angiosperms, whereas variation can be observed in four amino acid residues in the L2 domain (Petersen and Seberg, 2002) . Intriguingly, the structural transition is accompanied by concerted movements of the L1, L2 and HhH motifs from filament center to filament surface and caused homologous pairing between ssDNA and dsDNA (Chen et al., 2007) . In addition, a recent study indicated that the transition from ATP-bound state to an intermediate RadA (RecA family) involved extensive allosteric effects spanning the ATPase site and the L2 putative DNA-binding loop (Qian et al., 2005) .
According to Chen et al. (2007) , the axial rotation of SRMs controls quaternary structures of RecA family proteins and regulates their enzymatic functions too. Another report suggested that SRM is important for coupling Saccharomyces cerevisiae RadA's ssDNA binding and ATPase activities to its strand exchange activity similar to the rotary motor F1-ATPase (Qian et al., 2005) . In this relationship, the hinge region exhibited sequential conformational changes corresponding to structural transitions from a closed ring (Shin et al., 2003) , to the AMP-PNP right-handed filament (Wu et al., 2004) , to the over wound right-handed filament (Ariza et al., 2005) , and finally to the left-handed filament. These conformational changes appear to be caused mainly by the progressive rotations of their polypeptide backbones, as the torsion angles in this hinge region change stepwise during his clockwise axial rotation (Chen et al., 2007) . The maize Dmc1 amino acid sequence shows a Ro site within the SRM, which functions as the polymerization motif for filament assembly (Conway et al., 2004) , which is evolutionarily conserved in almost all RecA family proteins (Figure 3) (Chen et al., 2007) .
The reports on polymeric structure of RecA protein in E. coli revealed that their monomers form either a polymeric helical filament or hexameric rings whereas human Dmc1 monomers form octameric rings, only (Passy et al., 1999) . The octameric rings may be assembled pairwise in long stacks with DNA binding taking place in the central channel formed by the stacked rings with monomer-monomer contact (Passy et al., 1999; Kinebuchi et al., 2004; Okorokov et al., 2010) .
Usually, the ATPase domain is preceded by a short β-strand polymerization motif (Pellegrini et al., 2002) . A hydrophobic residue (phenylalanine in RADA, Rad51 and DMC1, isoleucin in RecA) in polymerization motif docked into a hydrophobic pocket on the neighboring core ATPase domain (Chen et al., 2007) . For RecA proteins, the transition from closed rings to helical filaments could be flexible or regulated. Archaeal RadA proteins form both closed rings and right-handed helical filaments (Wu et al., 2004) . S. cerevisiae Dmc1 (ScDmc1) and human Dmc1 proteins, in the presence of ssDNA, switch from rings to helical filaments in a Ca
2+
-dependent manner (Chang et al., 2005) Conceivably, all members of the RecA family form similar right-handed nucleoprotein filaments in which the ssDNA lies close to the filament axis.
These nucleoprotein filaments are thought to be catalytically active in mediating strand exchange reactions (Chang et al., 2005) . Due to lack of any data and information on protein crystal structure in plants and according to the presence of required polymeric regions and ATPase domain in maize Dmc1 amino acid sequences it is presumable that maize Dmc1 proteins may self-polymerize into right/left-handed helical filaments in vitro or form polymeric stacks similar to human Dmc1 and even could be flexible in the sense of regulated transition from closed rings to helical filaments, which is strongly need to be studied in detail in plants.
Regarding targeting the Dmc1 gene product into the nucleus it is noteworthy to mention that the structural studies showed that about 19 to 24 amino acids are discarded during transportation and the homology search with an expanding array of peptide signaling groups in plants showed higher similarity with the soybean Dmc1 signal peptide ( Figure 7 and Table 1 ).
